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Abstract

An investigation of the dynamic stability characteristics of three high-drag
planetary entry shapes (spherically blunted 60- and 70-deg-half-angle cones) has
been conducted in the 6 X 6-ft supersonic wind tunnel of the Ames Research
Center at transonic speeds. Free-flight testing techniques were successfully used
to document the effects of Mach number and oscillation amplitudes on the
transonic dynamic stability of the principal shape, the sharp-edged 60-deg-half-
angle cone. Two primary results were observed from the test. First, transonic
dynamic stability coefficients are not as unfavorable (destabilizing) as those pre-
viously reported in open literature. However, the decrease in dynamic stability
in the transonic regime compared with that in the subsonic and supersonic
regimes continues to be significant. Second and most important, the transonic
dynamic stability is shown to be dependent on oscillation ‘amplitude. As the
effective oscillation amplitude decreased, the dynamic stability became more
unfavorable. This effect was observed as highly convergent amplitude envelopes
for effective amplitudes greater than 15 deg, and as divergent envelopes for
amplitudes below 10 deg. The use of these dynamic stability data in computer
simulations of entry into the tenuous atmosphere of Mars by a hypothesized entry
capsule is demonstrated. Static coefficients obtained as a by-product of the
dynamic investigation are also presented.
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Transonic Dynamic and Static Stability Characteristics
of Three Blunt-Cone Planetary Entry Shapes

I. Introduction

The angular motions of an atmospheric entry vehicle
with respect to its flight path are of concern for the
following reasons: (1) amplitude-dependent aerodynamic
loads during entry must be known at the time of design;
(2) aerodynamic heating will vary over the vehicle
surface as a function of amplitude; and (3) operational
functions such as payload or decelerator deployment, or
communications could be seriously affected by vehicle
oscillation. The dynamic stability characteristics of
several atmospheric entry vehicles of conical shape have
been investigated experimentally throughout the Mach
number range. However, it seemed that the available
data had not completely defined their transonic dynamic
stability characteristics. Theoretical analysis of the dy-
namic stability characteristics of high-drag bodies in
the transonic speed regime is at best difficult. Con-
sequently, experimental transonic dynamic stability data
are of considerable interest and importance.

In an effort to better define the transonic dynamic
stability of high-drag entry shapes, an experimental pro-
gram was initiated that would use the free-flight tech-
nique in the 6 X 6-ft supersonic wind tunnel of the Ames
Research Center. The free-flight technique has most of
the advantages of the ballistic range while eliminating
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many of its limitations, particularly in the area of model
design, and number of data points obtained per flight.

This report describes the experimental transonic dy-
namic stability investigation and resulting aerodynamic
coefficients.t Model design, launching methods and
equipment, data acquisition, and data reduction are
discussed. Test data are presented for one 70- and two
60-deg-half-angle cones through the Mach number range
of 0.54 to 2.0 at a test Reynolds number of 0.312 X 10°
based on the 1.5-in. model diameter. A 60-deg sharp-
edged cone was the most thoroughly tested of the three
configurations, in that the effects of both oscillation
amplitude and Mach number were considered. Both
static and dynamic stability as well as drag are presented
as functions of amplitude and of Mach number. These
data are used in computer simulations of capsule entry
into an assumed Mars atmosphere. Planar motion his-
tories of amplitude envelopes for a nonspinning 60-deg-
half-angle cone are presented. These results were also
reported in part in Ref. 1.

The raw motion data of the models from which these test data were
obtained are presented in report SR 900-297. This publication is
available upon request to J. Jackson, Technical Information and
Documentation Division, Jet Propulsion Laboratory



Il. Test Facility and Free-Flight Technique

Tests were conducted in the Ames 6 X 6-ft supersonic
wind tunnel without modifications to the facility. It is a
closed-circuit, single-return type of tunnel with an asym-
metric sliding-block nozzle and a test section with per-
forated floor and ceiling. The possibility of pressure
disturbances affecting the data was minimized by the
sizing of the model to 1.5 in. in diameter so that during
flight the minimum distance to the model from any side
of the 6 X 6-ft test section was 23.5 in. with a blockage
ratio of less than 0.04% (ratio of model frontal area to
wind tunnel test-section area).

Over a period of several years, the Jet Propulsion
Laboratory (JPL) has developed testing techniques to
study the motion of axisymmetric aerodynamic shapes
in free flight. These techniques, reported at various
meetings and symposia, are fundamentally the ones used
in this investigation and are well documented in Refs. 2
through 5. The free-flight models were launched opposite
the airstream direction at velocities up to 250 ft/s relative
to the test section. The release of the models approx-
imately 8 in. downstream of the viewing area assured
that they were free of interference from the launcher
while in the viewing area. Although a pneumatic launcher
was available for use in the 6 X 6-ft facility, two impor-
tant hardware modifications were made to this equip-
ment. A pneumatically operated trigger was substituted
for a piston-shaft restraining cable and guillotine squib.
Previously, the restraining cable limited the forward
travel of the piston and shaft until the cable was severed
by the guillotine squib, which was fired electrically. A
balsa cylinder was substituted for a tapered aluminum
sleeve that had previously been used to absorb the
kinetic energy of the piston shaft. Other modifications
were made to the launcher. The original steel piston and
shaft were replaced with aluminum parts. The shaft was
now hollow, and the piston was made in several parts
with Teflon seals sandwiched between. The changes in
design reduced moving mass which, in turn, increased
model acceleration and reduced the piston-shaft decelera-
tion loads.

The piston seals assured a reservoir of pressure before
launch and reduced sliding friction. A linear ball bear-
ing mounted in the forward part of the launcher also
helped to reduce friction. The completed launcher is
shown in Fig. 1.

The propellant lines and controller circuit of the
launcher are shown in Fig. 2. The launch of the model

and the camera operation were controlled sequentially
by a timer. When the desired wind tunnel conditions
were reached just before the launch, the restraining
fingers of the model were opened pneumatically and the
propellant pressure necessary to project the model to
the forward part of the viewing area was established in
the launcher reservoir. Starting the launch sequence
brought the camera to speed (4500 frames/s) followed
by the operation of the solenoid-controlled ball valve
and subsequent retraction of the trigger pin. The model
was then launched into the viewing area of the test
section. The purpose of the relay circuit was to hold
the high-pressure valve solenoid in the activated position
until it was reset manually.

Figure 3 shows the pneumatic launcher mounted in
the 6 X 6-ft wind tunnel on the pitch strut sting body.
A 60-deg-half-angle cone model is mounted on the front
of the launcher with the restraining fingers holding the
model in place.

The launcher was calibrated for speeds up to its max-
imum of 250 ft/s (Fig. 4). The propellant used to operate
the launcher and valves was gaseous nitrogen. However,
high-pressure compressed air would have also been a
satisfactory alternate propellant.

A sketch of the balsa cylinder used to bring the piston
shaft to rest from 250 ft/s is shown in Fig. 5. The 7-in.-
long balsa cylinder was positioned with the grain running
parallel to the shaft and was crushed to approximately
2 in. in length. It provided adequate energy absorption
in the available distance, and was inexpensive, easily
handled, and readily turned to the desired shape. In
addition, the density of the wood could be chosen to
accommodate different combinations of piston-shaft mass
and velocity. Here, wood of 8 to 10 lb/ft* was used.
Balsa used as a crushable material is discussed in Ref. 6.
The cylinder was slotted on the end that contacted the
piston, to help initiate crushing and reduce peak loads
on the shaft.

Although the pneumatic launch gun presented some of
the most difficult problems encountered during test
preparations, some of the other pieces of equipment
used in the test are essential to the success of this type
of a free-flight experiment and are, therefore, described.
The location of some of these pieces of equipment as
well as the general layout of the Ames 6 X 6-ft test
section area is shown in Fig. 6. No extensive modifica-
tions were made to the facility in the test installation.
However, the small first-surface mirror in the schlieren
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Fig. 3. Launcher installed in Ames 6 x 6-ft
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Fig. 4. Launcher calibration

optical system and the existing light-source bulb were
removed. Removal of the mirror allowed positioning of
an adjustable knife edge (translation in three mutually
orthogonal axes) and high speed motion picture camera
in the schlieren path.
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Fig. 5. Balsa decelerator

Of primary importance was the light source and its
power supply, which provided stop motion photography.
A multiflash stroboscopic light of 0.2-us duration was
used in these tests. It was synchronized with the high
speed 35-mm motion picture camera and power for the
light source was supplied by an EG&G Inc.2 Type 501
stroboscopic power supply. The stroboscopic bulb was
located in the existing light-source housing (Fig. 6) by
means of a simple integral bracket and reflector.

A precision wire grid (not shown) was clamped to the
frame of the viewing window on the camera side of
the test section. Wire, 0.020 in. in diameter, was strung
horizontally and vertically on the frame at 2.0-in.
(=0.005) centers predetermined when the frame was
machined. The grid provides a reference to be used
when the film data are reduced to aerodynamic coeffi-
cients.

A 35-mm half-frame Fastax camera was used in these
tests. The camera was mounted on a tripod with the lens
coincident with the schlieren light path. It was equipped
with a reluctance pickup to synchronize the stroboscopic
light with the shutter, and a timing light to mark the
film at 0.001-s intervals to provide a time base for data
reduction. The lens plate thickness had been reduced
by 0.125 in. to enable the focusing of the 6-in. camera
lens to a point beyond infinity. The reason for this
requirement is stated in detail in Ref. 7; basically, it
stems from the fact that the light source and the model
image do not emanate from the same location. Photo-
graphs were taken through the wind tunnel schlieren
system, thereby eliminating parallax distortions and pro-
viding a continuous flow field record. A sequence of

“Edgerton, Germeshausen & Grier, Inc., 160 Brookline Ave., Boston,
Mass., 02215.
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Fig. 7. Schlieren sequence of a 60-deg cone in free flight at M. = 1.06
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selected high speed motion picture frames is shown in
Fig. 7 and a typical angle-of-attack history is plotted
in Fig. 8 from film data readings. This particular angle-
of-attack history is interesting, for it shows a flight (run 7)
at constant-peak angle of attack over a wide range of
Mach numbers (1.25 to 0.92).

lll. Free-Flight Model Design

The design of a freeflight model is somewhat com-
plicated when oscillatory data are required. Moreover,
an additional restraint is added when testing in a closed-
circuit tunnel with an axial flow compressor downstream
of the diffuser. The model must be of such construction,
size, and weight that no damage to the compressor
blades will ensue. For this application, the model was
made to disintegrate on impact with any solid object
before reaching the compressor blades. Catching the
model in one piece is a less desirable alternative. Not
only has it proved difficult to capture a free-flight model
in such a facility, but such equipment as scoops or
screens needed to catch the model might degrade the
flow characteristics, and increase the possibility of tunncl
blockage. The accuracy of dynamic stability data de-
pends on (1) amplitude decay per cycle, and (2) number
of oscillation cycles recorded during the flight, Proper

model design maximizes these parameters by decreasing
the size of the model while holding the mass distribution
fixed. This causes the number of observed oscillations to
increase while the decay remains the same. There is, how-
ever, a lower limit to the minimum size of a model imposed
by the photographic resolution and model physical con-
struction limitations. A model diameter of 1.5 in. was
chosen, using the criteria mentioned.

Previous design practice (Ref. 2) was used to maximize
the frequency of oscillation for a given model weight
by building a thin model shell of polystyrene plastic
weighted with a core of gold or lead. However, a solid
core, such as gold or lead, does not disintegrate on im-
pact. A powdered metal, namely tungsten, was suggested
by Ames personnel for this experiment. The densities of
gold, lead, and tungsten are

Lead 0410 1b/in.?
Gold (22k) 0.653 1b/in.?
Tungsten 0.697 1b/in.*

Gold and tungsten, with similar densities, each have
advantages. Because gold is malleable and is easier than
tungsten to machine and cast, it is preferred when it
can be recovered. However if recovery is impossible, as
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in the case of a destructible model, tungsten is preferred
because of its lower cost.

The model shell was constructed of two or three pieces
of molded polystyrene plastic as shown in Fig. 9. The
method of construction is described in Ref. 2. The for-
ward aeroshell included a small cup in the shape of the
intended ballast. The second piece was composed of a
disk that sealed the back of the model and the cup when
glued in place.

After some practice, the ballasts were simply cast
Tungsten powder of four grain sizes was mixed with
water and the resulting slurry poured into the ballast
cup; the material was packed as the cup was filled. The
water was drawn off by placing the model in a vacuum
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oven at 100°F and applying a hard vacuum. The propor-
tions of the tungsten powder used for the tests were
these:

8 measures 0.020 to 0.030-in.-diam
5 measures 100 p.
3 measures 10 n
1 measure 1p

The resulting packed mixture had a density of approxi-
mately 74% of solid tungsten. Using four grain sizes,
rather than a single size, limited the air spaces in the core
and produced a higher model mass and mass to moment
of inertia ratio. The compacted mass of nonuniform-size
particles appeared to form a hard interlocking structure
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Fig. 9. Free-flight model designs
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that required a sharp blow for disintegration. The weights
of two models, one using lead for ballast and the other
powdered tungsten, were compared. A sharp-edged cone
(1%-in.-diam with a 0.6-in.-diam cylindrical ballast) with
a semi-vertex angle of 60 deg weighed 15.8 g using solid
lead, and 19.0 g using powdered tungsten. Table 1 sum-
marizes the nominal physical characteristics of the models
tested.

Table 1. Nominal model characteristics

Config- m, slugs 1, slug-fi2 d #t | (md2)/1 | (CG/d)mrse
uration
MegoN10Ego | 1.3 X 1073 | 0.32 X 1078 | 0.125 63 0.165
MgoN1oEos | 2.0 X 1073 | 0.63 X 1076 | 0.125 49 0.208
M70N10Ego | 1.2 X 1073 | 0.28 X 1076 | 0.125 65 0.133
See nomenclature for definition of symbols.

The cones with semi-vertex angles of 60 and 70 deg
do not lend themselves to the pneumatic gun launching
device ordinarily used at JPL (Ref. 3). Usually a tri-
angular blade that slips into a slot in the base of the
model is attached to the piston shaft of the gun. How-
ever, blunt shapes do not have enough length to accom-
modate a single blade without drastically reducing the
ballast volume. The circular launching pad shown in
Fig. 10 was used in this experiment. The circular pad

FORWARD AEROSHELL

BLADE SLOTS

supports the model during its acceleration. The location
of the two small blades in base slots on either side of the
ballast restricts the motion of the model to the pitch
plane until the model separates from the blades, the sides
of the blades being parallel to the pitch plane. Because
the blades are tapered, the model is released when the
pad decelerates and then it is free to pitch as the result
of aerodynamic forces. This type of support has proved
moderately effective for the range of angle of attack (0, 5,
10, and 15 deg) used in this test. Larger blades should
provide more launch stability. The launch angles selected
for the amplitude studies were pre-established by drilled
and tapped holes in the launch pad. The desired launch
angle was obtained by rotating the pad about a central
pivot to the proper hole combination and inserting two
restraining pins. The possible launch angles are limited
only to the number of hole combinations provided for
in the launch pads.

IV. Data Reduction

The raw data from the free-flight technique consists
of motion picture film from which the position of the
model with respect to the wind tunnel, and the angle-of-
attack history of the model may each be determined as
a function of time. The reduction of these measurements
to aerodynamic coefficients will be described here briefly.
Reference 4 presents an excellent derivation of these data

ANGLE-OF-ATTACK
LOCATING HOLES

PAD SUPPORT

ROTATION

Fig. 10. Typical free-flight model (exploded view) and launch pad
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reduction equations, which were applied to the transonic
speed regime without change.

A. Drag

Throughout the data reduction, the center of gravity
of the model is related to the moving gas media. The
distance X appears as the dependent variable in the
equation of motion. The equation of motion in the
X-direction is

—m¥ = é pVEAC) (1)

from which the drag coefficient is determined. Changing
the derivative with respect to time to a distance deriva-
tive gives the result

—2m d (InV)
pA dX

Cr= (2)

A plot representative of In (1 — V,,/V,,) vs X is shown in
Fig. 11. A linear fit through a section of this curve yields,
by means of Eq. (2), an effective drag coefficient for that
section. Three effective drag coefficients are shown in the
figure to indicate the change in drag owing primarily to
the change in Mach number, since the effective angle
of attack is constant for this flight (Fig. 8). Interestingly,
Cp appears to increase slightly, at the first part of the
flight, with decreasing Mach number. Near the end of

the flight, the slope of the In (1 — V,,/V,,) curve changes
most rapidly, indicating a change of C, to 1.083 near
M = 0.95. Careful consideration should be given to oscil-
lation amplitude effects, for they can be significant in
data reduction for some shapes. In the case of the blunt
shapes tested here, effects of oscillation amplitude were
not a significant factor to be considered in reduction of
drag, as shown by these transonic test data.

B. Static Stability

The solution to the equation of planar angular motion

“ 1 1 .. 6d
I§= 35 pV*AdC, + 5 PV:A d (Cm, + Cug) (——) (3)

\%

(assuming linear aerodynamic coefficients C,, =
CL - C[‘a a, CD = CDO) is

Co, @,

(4)

— %3
0 = 6,e** cos [(%Ad Cn, + )\2> X:|

where

A
A= Z—m[ Co, = Cry —

md?
T (Cmq + Cm&) ]

o.léQbe
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Fig. 11. Plot used for calculation of drag coefficients
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The usual assumption is that (—pAD/2I) C,,, » A* and
a resultant effective pitching moment slope is described by

—2102

(Cﬂla)eff = TA—(Z— (5)

where Q is the distance frequency of oscillation. Devia-
tions from a constant value as the oscillation amplitude
is varied, are a measure of the nonlinearity of the actual
pitching moment. The static stability coefficients pre-
sented in this report are effective coefficients calculated
from Eq. (5). Because of the relatively low oscillation
amplitudes cncountered in this experiment and the
linearity of the pitching moment slope (Ref. 8) at these
amplitudes, methods for determining the coefficients of
an assumed nonlinear form developed in Ref. 4 were
not used.

C. Dynamic Stability

The dynamic stability coeflicients may be obtained
from Eq. (4) in terms of the amplitude envelope as

md*  4m 1 6.\ | .
(Cm,[ + C-m(!()_‘f"' - FE‘ (X — X‘,) II] <7> - C"n C“”

0
(6)
However, Eq. (6) presupposes aerodynamic coeflicients
whose variations with angle of attack are linear. A more
general solution, assuming that the pitching moment is

not a linear function of angle of attack during the flight,
and lift and drag are of the theoretical form

C[l = CL“ o+ ka3
and
C/) = CDO + I((X.2

is

md® _ 4m 1 i
(Cm,l + C'”d) I B pA <X ' X1)> ln <0_0> R

where K and k are constants of proportionality to ac-
count for nonlinear static cocfficients.

The derivation of Eq. (7) may be found in Ref. 4,
where the pitching moment correction ratio R has been

12

plotted vs 6, for several values of Cin,/7m. The correction
factor is nearly 1 for 4, = 10 deg and small values of r,
associated with these blunt bodies. No correction for
nonlinear pitching moment was made to the data pre-
sented in this report.

The dynamic stability Eqgs. (6) and (7) assume that the
oscillatory motion of the model will be restricted to one
plane normal to the axis of schlieren path. In the case of
this investigation, a number of the flights were char-
acterized by motion in both the yaw and pitch planes.
Data from those flights only in which the motion was
very nearly planar were reduced to aerodynamic coeffi-
cients and a procedure was established to determine the
total angle of attack for each of the flights. Individual
film frames showing the model at peak oscillation ampli-
tude were enlarged and printed. Models exhibiting mo-
tion in a vertical plane (perpendicular to the schlieren
light path) appear on film as having a flat base while
those having motion not restricted to the vertical plane
have an elliptic base. The degree of ellipticity in the
photographic prints was measured and a corresponding
yaw angle ¢ computed. This angle was used, in turn, to
compute the total angle of attack 6 by the equation

tan®y

tan®§ = tan®a + 3
cos® a

(8)

The total angle of attack 8 was then used to compute
{C, + Cuy;} by means of Eq. (7), recognizing that the
correction of the angle and the assumption of quasi-
planar motion may lead to some small error in the final
coeflicient. The validity of this correction was, however,
substantiated by the quality of the test data. Good agree-
ment is shown for flights with varying degrees of yaw,
especially those with constant peak amplitude of
oscillation.

The applicability of the dynamic stability Eq. (7) was
verified with an exact computer solution of the equations
of motion. The static stability coefficients, including their
dependence on amplitude, and the dynamic stability co-
efficient reduced from flight data, were entered into the
computer program and the resultant motion computed.
This motion represented by the computed peak ampli-
tudes® is shown in Fig. 12 with the peak amplitudes
of run 2 at M, = 0.84. The difference between the
damping coefficient reduced from flight data and that
resulting from the computer solution is only 4%. A sim-
ilar comparison was performed for run 7, a flight of

‘Complete test conditions are given in Table 2.
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Fig. 12. Typical amplitude plot

constant peak amplitude. The difference between the
flight damping coeflicient {(—0.038) and that of the com-
puter solution was less than 1%. Generally, only one
effective dynamic stability coeflicient was obtained from
a flight, but where amplitude or Mach number effects
caused significant changes in the convergence or di-
vergence of the amplitude envelope, the data were seg-
mented and two damping coefficients were obtained.
Correlation parameters M and o, were also computed for
each of these segments.

D. Data Correlation Parameters

The correction terms necessary to account for the
nonlinear aerodynamics over an arbitrary number of
cycles are based on a mean amplitude for the flight.

This mean amplitude is defined as

X
2/ atdX o — o
R (9)

0
X 2In <a_\>
Qo
when constant decay is assumed to be small in compari-
son with the oscillation frequency.

Similarly, a mean Mach number M has been used in
data presentations because of the large Mach number
gradients encountered by a model during its flight.

This mean Mach number is defined as

/ “Adx
M= O_X_ (10)
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and has been found to agree with M., (within 1% ) when
the amplitude history of an entire flight was considered.
Where it was necessary to separate the flight into seg-
ments because of amplitude or Mach effects evident
from nonconstant damping, a mean Mach number was
calculated by numerical integration (Simpson rule) for
each segment.

V. Discussion of Results

The test program was designed primarily to document
the dynamic stability of one configuration, M N;Eg, in
the transonic speed regime when the effects of both
oscillation amplitude and Mach number were investi-
gated. Three free-stream Mach numbers—0.95, 1.05, and
1.15—were emphasized. However, data from additional
flights were recorded in the range of 0.54 to 2.01. Data
obtained from flights of configurations M;N,,E,; and
M:,N;oEq were desired for comparison with those of the
prime configuration. While the majority of flights were
made at a nominal Reynolds number of 0.312 X 10°
(based on the model diameter of 1.5 in.), two flights were
recorded at Re, = 0.187 X 10"

All pertinent information regarding the test conditions
and other statistical information of the flights is listed in
Table 2. Because of the large range of Mach numbers
encountered by a model during a typical flight and the
significant changes in aerodynamic coefficients through
the transonic regime, the ranges of values resulting for
each run are shown for parameters such as M,
{Cm, + Cu;} and Cp. These ranges are indicated by the
slash marks shown in the table. Generally only one value
of effective dynamic stability coeflicient was obtained
from a flight; however, where the decay in amplitude
varied considerably during the flight, the data were
separated into segments and two coefficients were ob-
tained. These changes in dynamic stability during the
flight were related to either Mach number or oscillation
amplitude effects. The aerodynamic coefficients reduced
from data obtained on drag and static and dynamic sta-
bility are presented as functions of both Mach number
and oscillation amplitude in Figs. 13 through 19.

A. Dynamic Stability

The effect of Mach number on the dynamic stability
of the sharp-edged cone (Mg N Ey) with a half-angle
of 60 deg is summarized in Fig. 13 by the solid symbols.
Generally, the coefficients are stabilizing at subsonic and
supersonic speeds, while decreasing in stability and even

13
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Fig. 13. Effect of Mach number on free-flight dynamic stability of the sharp-edged 60-deg cone

destabilizing (positive) at transonic speeds. The magni-
tude of this transonic destabilizing tendency is not so
severe as has been suggested by other test data (Ref. 9)
and the relatively close grouping of the data in the
transonic regime indicates good repeatability.

In detail, the single definite supersonic data point at
M = 2.01 suggests a stability level in excess of that com-
puted by Newtonian impact theory, a conclusion sup-
ported to some extent by the data of Ref. 9.* Little more
can be inferred from these data about the specific level
of stability for this configuration at supersonic speeds
until more definitive experimental evidence is available.
The experimental results for the round-cdged 60-deg-
half-angle cone indicate stability levels similar to these
data and will be discussed later.

‘Data of Refs. 9, 10, 11, and 12 have been divided by 2 so that they
might agree with JPL data reduction relating (Cu, -+ Cug) to od/V
rather than to 6d/2V.
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Although the experimental program was directed
toward the definition of transonic dynamic stability for
these shapes, a few subsonic data points were obtained
and are shown in Fig. 13. As models that had been
launched at an approximate free stream Mach number of
0.95 slowed to subsonic speed (M ~ 0.9), the decay in
oscillation amplitude increased greatly, As previously
stated, these runs were reduced in two segments. The
coeflicients resulting from the second half of the flights
at M, = 0.95, and flights at M, = 0.85, result in a wide
range of dynamic damping, {Cu, +Cu;}, shown in the
figure at M = 0.85. This area appears to be a transition
region between the transonic and subsonic regimes where
the dynamic stability is increasing rapidly with decreasing
Mach number. Further decreases in Mach number result
in coeflicients that arce less favorable. The one, low,
subsonic data point necar M = 0 (Ref. 10) obtained in a
vertical wind tunnel has been corrected for the forward
center-of-gravity location, CG = 0.167d, indicated by
the technique outlined in the reference. Dynamic sta-
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bility is apparently more favorable for a forward shift in
center of gravity at subsonic speeds. The data of Ref. 11
show slightly less stability than the two subsonic coeffi-
cients of this experiment. However, these less favorable
coefficients may simply be the result of the relatively aft
center-of-gravity location.

During the course of reducing the motion history data
to coefficient form, a pattern developed in the transonic
data which indicated that the coeflicients might be
categorized by the type of motion history observed. The
majority of these flights, or a part of them, occurred either
at constant oscillation amplitude or with slightly diver-
gent envelopes. The histories were apparently convergent
to this type of motion because few flights resulted in
coefficients that were not of these two types. However,
a few models launched at low amplitudes (a,< 10 deg)
were found to have divergent motion while those
launched at the highest amplitudes (&, > 15 deg) were
strongly convergent. The results showing distinct ampli-
tude effect on dynamic stability of these shapes help to
explain the small range of amplitudes for which data
were recorded. Because of the scale used in Fig. 13, these
effects are not clearly defined and the data have been
replotted on an expanded scale in the inset. The four
distinct types of observed motion related to amplitude
effects are evident and have been further identified by
flagged symbols and fairings. In detail, strong divergence
may be observed for flights in which the oscillation
envelope of the model was less than 10 deg (G, < 10 deg)
and convergence observed for envelopes that were more
than 15 deg (@, > 15 deg). As described, two types of
motion were observed in the amplitude range of 10 to
15 deg: (1) constant oscillation amplitude, and (2) slight
divergence resulting in slightly positive coefficients. These
data and their dependence on oscillation amplitude are
crossplotted in a figure on page 19.

Transonic data are also shown in Fig. 13 that were
obtained in a ballistic range (Ref. 9) and from full scale
(15-ft-diam conical spacecraft) flight tests in the atmo-
sphere of the earth (Ref. 11). The coeflicients from Ref, 9
are for the most part destabilizing (positive) in the
transonic regime while the data from Ref. 11, with the
exception of one data point, are very similar to the data
of this experiment. The flight test data may be difficult to
pick out from the concentration of transonic coeflicients.
It has been suggested by Whitlock et al. (Ref. 12) and
Sammonds (Ref. 13) that extremely destabilizing co-
efficients are the result both of aft center-of-gravity
locations and of low oscillation amplitudes. Although at
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transonic speeds dynamic stability seems to decrease with
decreasing oscillation amplitude, it is difficult when con-
sidering all available data to concur with this hypothesis
without more conclusive evidence. An experimental pro-
gram that specifically separates the effects of center-of-
gravity location from those of oscillation amplitude is
needed to clarify such questions about the effects of
center of gravity.

The dynamic stability of the round-edged 60-deg-half-
angle cone (M, N,, E,;) and the sharp-edged 70-deg cone
(M7 Ny, Eqo) is shown in Fig. 14, The data for these con-
figurations are not sufficient to specify their transonic
dynamic stability characteristics with the detail shown
for the sharp-edged 60-deg cone (Fig. 13). However, the
general levels and range of the coefficients are remarkably
similar to those shown for the basic configuration
Mo Nyo Ejo. As in Fig. 13, transonic data from Ref. 9 are
shown for a configuration similar to M, Ny, E¢; but with
a more rearward center-of-gravity location. These data
suggest less favorable transonic dynamic stability and
even trends toward unfavorable stability at subsonic
speeds. In contrast, the subsonic coeflicient for M., N, Eq,
a configuration that has transonic dynamic stability similar
to that of My,N,E,, (Fig. 13) and M, N, E,;, is stabilizing.

No supersonic flights at M, > 201 were made with
these configurations during this experimental program.
However, some unpublished results® were available for
the M, N, Ei; configuration from an experimental pro-
gram conducted in the JPL 20-in. supersonic wind tunnel
for the development of planar launching techniques in
connection with this transonic test. The coeflicients for
these data have been plotted in Fig. 14 (solid flagged
symbols). A stabilizing coeflicient of approximately —0.023
was obtained, which becomes less negative with decreas-
ing Mach number and fairs well to the transonic level of
dynamic stability as shown by the solid curve. Because of
the basic emphasis of the test and of limited time, less than
half the models were measured for physical characteristics.
Physical properties for nominally identical models, pre-
dominantly 60-deg round-edged models with and without
afterbodies, varied about 11%, which may account for
some of the data scatter at the five test Mach numbers.
These conditions are the reason that the data have not
been formally published. However, because of the rela-
tively good definition of the supersonic dynamic stability
for Mg, Ny Eg;, the inclusion of these data in this report
seemed important.

*Internal communication by R. Prislin, JPL, October 1966.
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Fig. 14. Effect of Mach number on free-flight dynamic
stability of the round-edged 60- and 70-deg cone

Amplitude effects on dynamic stability previously men-
tioned in reference to Fig. 13 are shown in Fig. 15 for the
basic configuration M, N, Eg, at three transonic Mach
numbers. The dynamic stability coefficient {C,,, + Cu;}
is for the most part destabilizing at amplitudes of less
than 10 deg and becomes more favorable with increasing
oscillation amplitude. More than half of these data were
recorded in the amplitude range of 10 to 15 deg. Dynamic
stability at high amplitude (@, > 15 deg) remains to be
defined. Obtaining these data would probably pose no
problems. Obtaining data at low amplitudes may be
another matter, since oscillation envelopes were observed
to diverge rapidly to the amplitudes shown. The physical
parameters (i.e., mass, moment of inertia, and diameter)
of free-flight models might be tailored to minimize low
amplitude divergence. However, the need for low ampli-
tude data has not been demonstrated, since the oscillation
envelope of an entry configuration may only diverge,
when using the data of this report in computer motion
analysis, to amplitudes at which the motion becomes
damped.

The dynamic stability coefficient presented in this
report is one that is effective over several oscillation
cycles and, therefore, is not immediately useful for com-
puter studies of entry motion, which commonly require a
coefficient related functionally to a local angle of attack,
The local coeflicient can not be obtained directly from
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the experimental data but its functional dependence on
oscillation amplitude or Mach number must be hypothe-
sized and then this equation integrated to obtain an
effective coefficient that it is hoped will depict the charac-
ter of the experimental motion history data. Only the
following equality® must be preserved:

(Cmq + Cma)eff /*ao(l’ do = f+a°(cm(’ + Cm(',)local o da

- (@o-8a) (ap-da)

(11)

Therefore, the local dynamic stability coeflicient, which
appears on the right side of Eq. (11), could be a function
of any angle-of-attack variable—a, o, ., etc. This makes
the choice of the functional form of the local coefficient
difficult. Proof that the local coeflicient satisfies the
experimental data must be made by computer simulation
of the motion history.

The method of obtaining a local dynamic stability
coefficient is further described by the following example.

“This equation is presented in Ref. 14 in terms of 8 rather than a.
The angle of attack a has been used here with the assumption that
a and @ are the same for these models undergoing acceleration due
to drag of two orders of magnitude greater than the gravitational
acceleration. The use of a also follows with the practice of present-
ing amplitude effects on (Cm, =+ Cug) in terms of &.
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Fig. 15. Effect of oscillation amplitude on
dynamic stability

The local coefficient representing the data of Fig. 15 may
be hypothesized to be of the form

(C"’q +Cm;,)xacaz = a -+ ba + ca? + da®
(12)

and the solution for the effective coefficient by Eq. (11),
assuming a linear pitching moment and small decay, is

4b coly  8d
(Crmg + Cngun =@+ grfao | + =+ T5-fao |

(13)

where @, b, ¢, and d are the same polynomial coefficients
in both Egs. (12) and (13). These coeflicients were ob-
tained from the curve to the effective data (Eq.13) and
then used to determine the character of the local curve.

Figure 15 presents both the visual effective curve fit
(cubic) and the corresponding local dynamic stability
curve. The change in the local curve is attenuated with
increasing amplitude when converted to the effective
curve. A more detailed explanation of the conversion of
the local to the effective coefficient is presented in Ref. 14
with a discussion of the extreme sensitivity of the local
coefficient to apparently insignificant changes in the
curve fit to a set of effective data. The possible depen-
dence of the local coefficient on o', a,, and other param-
eters is also discussed in the reference. The local curve
shown in Fig. 15 is preliminary and may change appreci-
ably with more knowledge of the effects of high and low
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amplitude on the effective dynamic stability coefficient,
and the probable effects of scaling parameters.

Sometimes a simple hypothesis may be used to explain
amplitude effects. For example, dynamic stability tests
of 10-deg-half-angle cones have disclosed that separation
on the lee side of the cone at amplitudes near the cone
half-angle coincides with increases in dynamic stability.
This explanation does not apply to the 60-deg-half-angle
cone. A brief examination of separation effects (Ref. 8)
has not disclosed any amplitude dependence. Flow sepa-
ration at the maximum diameter of the model is fixed for
the sharp-edged model and is also fixed at the forward
part of the round-edged model radius for the range of
angle of attack investigated in this experiment. A rigorous
analysis of the flow field and model scaling parameters
will be necessary before any conclusions about the cause
of these amplitude effects can be made. Model scaling
parameters were not investigated in this experiment.

B. Drag and Static Stability

Free-flight drag and static stability are presented in
Figs. 16-19. The drag data are shown in Figs. 16 and 17
while the static stability data are shown in Figs. 18 and
19. These data are a by-product of the dynamic stability
investigation. However, static data are necessary for the
reduction of the dynamic damping data to aerodynamic
coefficients, and these freeflight data are significant
because they are free from support interference. Inter-
ference effects have been known to invalidate test data
for these shapes in the transonic regime.

The drag rise curve (Fig. 16) was obtained by plotting
the effective drag coefficient for each flight. The drag
coefficient C,, was computed using the slope of a linear
least-squares curve fit to the (In V) data in Eq. (2). The
data for the three configurations tested are consistent
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Fig. 16. Effect of Mach number on free-flight drag
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with each other and show good repeatability in the tran-
sonic regime. The one supersonic data point at M = 2.0
where Cp, = 1.49 is in excellent agreement with the value
of 1.50 quoted in Ref. 9. The static drag curve (Refs. 8
and 15) for configuration M¢,NyEq, at a =0 deg is also
shown for a general comparison of sting-supported data
with those obtained using the free-flight technique. The
two curves do not agree in the transonic drag rise part
and the cause is not immediately apparent. The natural
log plot (Fig. 11) used to compute the free-flight drag
also shows this same type of delay in transonic drag drop.
As a further check on the free-flight drag, detailed drag
vs Mach number histories were generated from raw
distance vs time data of runs 7 and 53. The results (not
shown) indicated a drag curve similar to that of the
effective drag rise curve shown here. Since the variation
of free-flight drag with Mach number appears to be
genuine, additional work is advised to investigate possible
sting interference in the static data and acceleration
effects that may be present in the free-flight drag
coeflicients.

The effect of oscillation amplitude on drag coefficient
Cy is shown in Fig. 17. The data for primary configuration
M;oNoEq, are apparently independent of amplitude for
the test amplitude range. This result was expected, since
a similar independence of amplitude for this range was
observed in the data of Ref. 8. Sufficient data for the
other configurations were not recorded to define ampli-
tude effects on Cj,; however, the trends for all three
configurations should be similar, with distinct levels
registered for each.

The dependence of the static stability on Mach number
is shown in Fig. 18. The configurations tested are all
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Fig. 17. Effect of oscillation amplitude on free-flight drag

20

0.2 T T
CONFIGURATION cG/d Rey
|
0 MyoNoEoo 0.165 |
)
A M N B 0.131 l 0.312 x 10
0.1}—
M N oEos 0.210 J{-————ﬁ
° [ 0.338 0.35-0.50 x 10°
® REF. 9 0.238 0.55 x 10°
= ® 0.238 0.07 x 10°
8
UE" 0= & MggNygEga-COMPUTER SIMULATION —k———
< dy=10deg CG/d =0.165
l ’ o dp<10 deg
STATIC DATA, REF. 8, a=0 3
. , ) O 10 <@y < 15 de
CG/d = 0.165 0" s
Q 15 deg<dg
p @ 7
-0.2
0.5 1.0 1.5 2.0 2.5

MACH NUMBER

Fig. 18. Effect of Mach number on static stability

statically stable for the test amplitude range, with this
static stability increasing with decreasing Mach number.
The sharp-edged model is more statically stable than the
other configurations. However, the effects of configuration
and center of gravity were not investigated and, there-
fore, are not immediately separable. Data from other
investigations have been plotted for the purpose of
comparison. The center of gravity of the models of Ref. 9
was significantly further aft of the model nose than those
of the other models for which data are shown. This rear-
ward center of gravity location was the result of an after-
body extension designed to move the center of gravity
aft and increase the mass moments of inertia and, in
turn, improve the quality of dynamic damping data ob-
tained in the ballistic range. Since the static stability is
expected to decrease with a rearward displacement of
the center of gravity, the data of Ref. 9 (60-deg sharp-
edged cone) are consistent with JPL configuration
M,;oN,,Eo, and the data shown for MyN,,E,; and
M;oN;,Ey, may be influenced by differences in con-
figuration.

The pitching moment coefficient C,, obtained from
static tests (Ref. 8) is shown for the purpose of compari-
son by the dashed curve for configuration MgyNoEq.
Center-of-pressure data from the same reference were
also used in a computer simulation of the model motion
history. The distance oscillation frequency was then used
to compute, by the methods described in this report, an
effective C,,,. Two coeflicients were computed in this
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Fig. 19. Effect of oscillation amplitude
on static stability

manner and are shown to bracket the data for M,N;oEq,
in the figure.

Free-flight static stability data are correlated with @,
in Fig. 19. Sufficient data were available to define oscil-
lation amplitude effects on static stability for configu-
ration Mg N;oEq. Trends of slightly increasing stability
with decreasing amplitude are shown for the three basic
transonic test Mach numbers 0.95, 1.05, and 1.15 within
approximately a 7% spread. Similarly, experimental data
of Ref. 8 show increasing static stability margin with
decreasing amplitude.

C. Flow Visualization

The photographic data obtained in this experiment not
only provide the quantitative results to describe the
model time-motion history, but they also give an excel-
lent documentation of the flow field. A continuous motion
history of approximately 300 frames for time increments
as small as 0.0002 s is available for study for each flight.
This information could be used to answer questions
prompted by this investigation, in particular, those
related to the mechanisms of transonic instability.

A sequence of motion picture frames, each with a black
dot providing a fixed point of reference, has been assem-
bled in Fig. 20 to show the primary developments of the
flow field as the model traverses the transonic Mach
number range. The pictures, taken from run 5 where the
free stream Mach number was 0.93, have been identified
by frame number and a corresponding Mach number of
the model relative to the flow. The range of Mach
numbers encountered by the model in the sequence was
1.04 to 0.87. The time between frames is 0.0002 s.

The frames were selected to illustrate some of the

significant changes in the flow field observed while these
data were viewed as a motion picture sequence.
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Frame 50 shows a typical picture of the flow about these
shapes at transonic Mach numbers. The bow shock wave
is detached and a wake of increasing and then decreasing
downstream diameter is observed, with the usual recom-
pression wake shock. As the Mach number decreases in
succeeding frames, the bow shock wave becomes less
distinct and further detached from the model. Without
ever actually disappearing, the bow wave disengages
from the relative motion of the model at M = 1.0. It then
travels upstream or downstream with respect to the wind
tunnel at the local speed of sound, thereby assuming the
character of an acoustic wave. At the same time, the wake
becomes less convergent. The wake recompression shock
adjusts to these changes by becoming almost perpen-
dicular to the direction of the flow. Dramatic transients
in the wake are revealed in frames 170 through 240 in
which the recompression shock becomes less distinct and
the model actually passes through the remaining weak
disturbances at M = 0.879 (frame 220).

Much of the interesting oscillatory nature of the wake
is lost by fixing the motion picture history in still-
photographs, yet the flow detail necessary to investigate
the mechanisms of transonic dynamic stability for many
shapes is clearly indicated. Since the flow about the
forebody is without the direct influence of the bow wave
for much of the flight, and transient separation on the
model edge has not been observed, the wake should be
examined for possible influences on the dynamic stability
of these shapes. An inquiry of this nature is a sizable task
in itself and will not be considered here.

VIi. Application of Experimental Data

This section is devoted to a discussion of the use of
experimental test data to simulate through computer
studies the angle-of-attack envelopes of a 60-deg-half-
angle spherically blunted cone vehicle during entry into
an assumed Martian atmosphere.

When computing the motion history of an entry cap-
sule with a six-degree-of-freedom program, the dynamic
stability coefficient must be specified both as a function
of Mach number and of local angle of attack. The local
coeficient can be obtained by previously described
techniques in which the nature of the local coefficient is
hypothesized. In view of the uncertainties present in this
method, an alternate and more practical method for
preliminary motion studies was used here. A local co-
efficient both planar and nonplanar must be derived
eventually for use in more comprehensive motion studies
because of time and expense imposed by the following
iterative procedure.
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The alternate method used here is one in which the
oscillation envelope and corresponding dynamic stability
history are obtained by an iterative technique. An angle-
of-attack history, which has been computed or assumed,
is used to synthesize a {C,, +Cn;},,, history compatible
with &, and Mach number using experimental amplitude-
dependent data. This dynamic stability curve should be
a function of Mach number only. A new trajectory is
computed using the previously synthesized curve, and
from this trajectory a new dynamic stability history as a
function of Mach number is determined as before. The
iteration process is continued until the amplitude solution
converges with the presupposed dynamic stability history.
This {Cy, + Cu;} vs Mach number curve represents the
solution for the particular initial conditions chosen for the
trajectory, the entry capsule, and the atmosphere. Further
iterations are necessary for changes in these conditions.

The vehicle characteristics and key trajectory param-
eters used in the following computer simulations are
given in Table 3. The trajectories used a 20-mbar surface-
pressure atmosphere intended to represent the upper limit
of Martian atmospheres. The static stability coefficients
used in the computer program were drawn from Refs. 15
and 8, and unpublished data from experiments conducted
at the NASA Langley Research Center.

Figure 21 presents the vehicle angle-of-attack envelope
vs Mach number for the Mars entry trajectories. The
corresponding Mach-number-dependent dynamic stability
curves are shown in Fig. 22. The dashed curve (Fig. 22)

Table 3. Initial conditions for Mars entry

Parameter Entry condition

Trajectory

Vv, ft s 23,000

Ye, deg 50at 0.8 X 10° ft

ag, deg 50
Capsule

m, slugs 5.815

d, ft 6.5

Xcg/d 0.19

Ix, slug-ft* 13.37

Iy, slug-ft* 8.03

m/CpA, slugs ft ~* 0.117
Atmosphere

To, °F 35

po, slugs ft~° 53 X 10°

Po, mbar 20

g, fts* 12.3

8. ft™! 212 X 10°
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Fig. 21. Low speed angle-of-attack envelopes
for Mars entry

was originally a conservative (unfavorable) estimate of
the dynamic stability of the 60-deg-half-angle cone con-
figuration based on Newtonian theory and some of the
experimental data presented in this report. No oscillation
amplitude dependence was assumed in the dashed curve.

Curve A in Fig. 21 represents the envelope for the
terminal part of the entry trajectory, including the
transonic—subsonic regimes. Because of the negative sta-
bility coeflicient (Fig. 22, dashed curve), the vehicle is
well damped and the angle of the envelope is less than
1 deg above an altitude of 97,000 ft at M =2. Divergence
to 5 = 2.7 deg may be observed in the transonic regime
and is the result of the destabilizing coefficient described
for these speeds. Even after undergoing such a large
change in the dynamic stability coefficient, the vehicle
angle-of-attack envelope cannot be judged critical in the
sense of tumbling. The envelope is shown only for
M < 1.5; it is rather uninteresting and well damped at
supersonic and hypersonic speeds.

To amplify the transonic divergence a step function
gust was introduced in curve A (Fig. 21) at M =2, which
resulted in an angle of attack of approximately 11 deg.
The resultant angle-of-attack envelope (with the dashed
curve used for C_m; in Fig. 22) is shown in Fig. 21,
curve B. The envelope slightly exceeded 30 deg at
M = 0.8. With the use of this envelope and the pre-
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Fig. 22. Variations of the dynamic stability coefficient

viously described iteration process, a solution based on
the amplitude-dependent damping data presented in this
report was found for 4 and C,_,,q as a function of Mach
number. The result for the envelope is shown in curve C
in Fig. 21. No alarming transonic divergence results from
the dynamic stability solution shown in Fig. 22 (solid
curve).

The data of this experiment have only begun to give
insight into the transonic dynamic stability characteristics
of the blunt-cone entry shape. Further experimental work
must be completed before the local damping coefficient
for these configurations can be derived; and in doing so,
it is particularly important to consider the possible
difference of the dynamic damping data for spinning and
nonspinning entry capsules.

Spinning vehicles, whether spun inadvertently or in-
tentionally, are of interest because computer studies
(Ref. 16) have shown a serious roll-related angle-of-attack
divergence for a 60-deg cone, a phenomenon apparently
related to vehicle characteristics and entry conditions.
The divergence occurred near the terminal part of the
trajectory (subsonic—transonic regimes) where experi-
mental dynamic stability coefficients have been, more
often than not, accompanied by large uncertainties.
Accurate experimental verification of the spin-induced
divergence and better understanding of the transonic
dynamic damping characteristics of these shapes in the
spinning mode would be helpful in removing some of
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the uncertainties in the prediction of the angle-of-attack
envelope of an actual entry vehicle.

VIil. Summary of Results

A parametric investigation of the dynamic stability
characteristics of one 70-deg-half-angle cone and two
60-deg-half-angle cones has been conducted at transonic
speeds. The parameters considered were primarily Mach
number and oscillation amplitude. The following may be
concluded from the test results and computer studies
performed, in which test data were used to determine the
oscillation envelope history of a nominal entry capsule
passing through the suspected upper limit of possible
Martian atmospheres.

(1) The 60- and 70-deg-half-angle cones do indeed
exhibit less dynamic stability in the transonic speed
regime compared with the stabilizing values of the
coeflicients at subsonic and supersonic speeds. How-
ever, this destabilizing tendency was oscillation-
amplitude-dependent and occurred generally for
flights where a, < 10 deg. Constant oscillation
amplitudes and slightly divergent envelopes were
observed for the amplitude range 10 < &, < 15 deg
and convergent envelopes for @, > 15 deg. These
results may give direction to future investiga-
tions which would, it is hoped, include a detailed
look at one configuration and scaling parameters
such as center-of-gravity location, dimensionless
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frequency, and Reynolds number. Spin should also
be investigated. Center of gravity would appear to
be an important parameter, especially since
Sammonds (Ref. 13) has suggested that the more
rearward center-of-gravity positions for ballistic
range data (Ref. 9) account for a more destabilizing
coefficient than those shown for this experiment.
Any investigation should be restricted to the use of
free-flight techniques (wind tunnel, ballistic range,
or full scale flight tests) to ensure that the data are
not influenced by a support. Any investigations of
sting support interference on dynamic stability
should be complemented by a free-flight program.
Finally, the possibility of differences if any be-
tween data obtained from flights of both planar or
nonplanar motion should be investigated. The
data of Refs. 9, 10, 11, and 12, and of this experi-
ment, were obtained in somewhat different test
environments and constraints; therefore meaning-
ful direct comparison beyond that presented in
this report is not possible with the information
available.

Free-flight motion data also provide drag and static
stability data as a by-product. These static co-
efficients obtained from free-flight data are in good
agreement with the sting supported data (Ref. 8)
at subsonic speeds and ballistic range data (Ref. 9)
at M ~ 2. The transonic drag rise, however, begins
at a lower Mach number than the static sting
supported data. Before attributing these differences
to model acceleration effects alone, the possibility
of sting support interference influencing static data,
Reynolds number effects, and tunnel blockage
should be examined. The drag sensitivity to oscil-
lation was not discernible for the range of ampli-
tude investigated (approximately 0 to 15 deg).
Pitching moment slope data show all the configu-
rations tested to be statically stable and these
coeflicients appear to be consistent within them-
selves and with other test data. However, the center
of gravity must be deliberately varied before its
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(3)

(4)

effects and those of configuration can be separated.
The coefficient Con, is shown to be more stabilizing
(negative) with decreasing Mach number, and
more data are needed in the subsonic regime to
better define this trend.

The free-flight technique has been successfully
applied to the conditions existing in a slotted wall
transonic wind tunnel with certain advantages
over other testing techniques. Model characteristics
may be optimized to emphasize the character of
the experimental data while initial flight condi-
tions such as angle of attack, roll, and yaw are con-
trolled. These advantages are further amplified by
the significant number of motion picture data
frames recorded (approximately 300/flight) from
which both the model angular motion and tran-
sients flow field character can be obtained. A
biplanar mirror system that has been developed
for a conventional supersonic wind tunnel (Ref. 5)
would extend the present capability to the study
of nonplanar motion exhibited by spinning entry
capsule shapes. A comparison of planar and non-
planar motion histories under identical test con-
ditions would then be practical.

The angular motions of a nonspinning entry cap-
sule have been studied on a preliminary basis with
the use of a six-degree-of-freedom program. No
alarming motions (i.e., tumbling or large oscillation
envelopes) were observed in the transonic regime
even under a severe gust-induced angle-of-attack
change. Much work remains to be done before a
damping coefficient based on the local angle of
attack can be synthesized for more flexible com-
puter analysis. Since recent computer studies
(Ref. 16) have indicated severe transonic-subsonic
envelope divergence for certain capsule spin rates
it is important that the local coefficient be derived
for spinning bodies as well as for those with
angular motion restricted to one plane.
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Nomenclature

reference area for model, =d*/4

center of gravity, distance to center of
gravity from physical model nose

drag coefficient, drag force/q.A;Cp,
is the drag coefficient at a = 0

lift coefficient, lift force/qA; Cy, is the
lift coeflicient slope per radian

pitching moment coefficient, pitching
moment/q.Ad; Cn; is the pitching
moment coeflicient slope per radian

dynamic stability coefficient (assumed
constant over an oscillation cycle)
[6C./0(qd/V) + 2Cn/0(ad/V)] per
radian; also = Co,

reference length equal to model diam-
eter

acceleration due to gravity

model moment of inertia about a trans-
verse axis at center of gravity

mass of model

Mach number

pressure

angular pitching velocity
free-stream dynamic pressure

free-stream Reynolds number based
on model diameter

velocity of model relative to the me-
dia, i.e., reference point moving with
the flow

position of model relative to the me-
dia, i.e., reference point moving with
the flow

angle of attack

o, initial oscillation amplitude
4, mean oscillation amplitude
inverse scale height

B
A damping parameter
¢ angle of yaw

0

total angle of attack, tan®*¢ = tan’a +
(tan®*y/cos?a)

n total angle-of-attack envelope
p gas density
o oscillation frequency, rad/s

Q@ distance oscillation frequency, radian/
distance X traveled

(-} derivative with respect to time
(*+) second derivative with respect to time

(Y derivative with respect to X

Subscripts

0 conditions at zero distance or zero
altitude

eff effective
X conditions at distance equal to X
o free-stream conditions

E entry conditions

Configurations

M_, cone half-angle of (—) model

N_, nose radius of (—)% of model diam-
eter

E_, edge radius of (—)% of model diam-

eter
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